Pseudogap behavior in Pro.sSro.sMnOs: A photoemission study 
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The valence band electronic structure of Pro.sSro.sMnOs has been investigated across its para- 
magnetic metallic (PMM) - ferromagnetic metallic (FMM) - antiferromagnetic insulator (AFMI) 
transition. Using surface sensitive high resolution photoemission we have conclusively demonstrated 
the presence of a pseudogap of magnitude 80 meV in the near Fermi level electronic spectrum in the 
PMM and FMM phases and finite intensity at the Fermi level in the charge ordering (CO)-AFMI 
phase. The pseudogap behavior is explained in terms of the strong electron-phonon interaction and 
the formation of Jahn Teller (JT) polarons, indicating the charge localizations. The finite intensity 
at the Fermi level in the insulating phase showed a lack of charge ordering in the surface of the 
Pro.sSro.sMnOs samples. 
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I. INTRODUCTION 

The perovskite manganese oxides exhibit diversity in 
electronic, magnetic and structural transition. A notable 
feature of charge ordering (CO) resulting from the domi- 
nance of on-site coulomb i nter action over the kinetic en- 
ergy of the charge carrierJ32] has been observed for the 
half-doped manganites. It is quite fascinating due to the 
interesting basic physics underlying the phenomena. Al- 
though, in general, it is believed that the phenomena is 
based on strong electron - phonon coupling that results 
in polaron format ion^^HH along with the double exchange 
(DE) interaction^^, the detailed theoretical explanation 
is still under debate. In a microscopic scenario the po- 
laron effect is considered to be intricately coupled to the 
CO phenomenorP. The prominent role of CO in mangan- 
ites originates from the occurrence of a well pronounced 
metal-insulator transition associated with the magnetic 
phase transitions. 

Among the half-doped manganites, Pro.sSro.sMnOa 
not only exhibits CO state across its ferromagnetic metal- 
lic (FMM) to antiferromagnetic insulating (AFMI) tran- 
sition but also multiple magnetic phase transitions upon 
cooling resulting in alluring structural changeJ^. More- 
over the magnetic phase transitions are expected to mod- 
ify the near Fermi level (Ef) electronic structure of these 
materials, especially when accompanied by a change in 
the lattice symmetry's. This motivates the study of elec- 
tronic structure of the energy scales involved in the CO 
phenomena and the associated changes in the near E^? 
electronic structure. 

Photoemission spectroscopy is one of the most pow- 
erful experimental techniques to extract information in 



the low energy spectral weight changes near the Fermi 
level (Ep). Pro.sSro.sMnOa has been studied earlier us- 
ing photoemission spectroscopjl^^HlIl, However the ma- 
jority of these studies are emphasized on bulk sensitive 
angle integrated photoemission which just determine the 
bulk spectral density of states (DOS), but not the sur- 
face spectral DOS. By using high resolution surface sen- 
sitive ultraviolet photoemission spectroscopy (UV-PES) 
we have found the formation of a pseudogap of energy 
scale 80 meV in the PMM and FMM phases and a finite 
intensity at the Fermi level in the CO- AFMI phase. The 
UV-PES {hi' = 50 eV) spectra with a short electron mean 
free path mainly reflect the surface electronic structures, 
which deviate from the bulk Mn 3d states. In the surface, 
the CO state competes with the ferromagnetic fluctua- 
tions owing to which the photoemission results are quite 
different from those of bulk states at low temperatures. 
So far no measurements are available showing the forma- 
tion of pseudogap in the PMM and FMM phase and a 
gapless excitations in the CO- AFMI phase using surface 
sensitive PES. Our studies, presented in this paper, show 
some new as well as improved results on the electron en- 
ergy scales which will have substantial importance to the 
understanding of the lack of CO in the first few layers 
from the surface. 



II. EXPERIMENT 

The single-crystal samples of Pro.sSro.sMnOa were pre- 
pared by the floating zone method in a mirror fur- 
nace. The compositional homogeneity of the crystal was 
confirmed using energy-dispersive spectroscopy analysis. 
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Room temperature powder X-ray diffraction pattern con- 
firmed tlie tetragonal structure (space group I4/mcm). 
Temperature dependence of magnetization and resistiv- 
ity were measured to confirm tlie multiple transitions. 
From a paramagnetic metallic (PMM) state at room tem- 
perature, this composition turns to a FMM state below 
Tc (~ 250 K) and finally to a CO - AFMI state at Tn (~ 
150 K}i3. The PMM - FMM phase transition is isostruc- 
tural (tetragonal with c/a > 1) while the FMM - AFMI 
transition leads to monoclinic change in lattice symme- 
try. 

The high resolution photoemission (PES) measure- 
ments were performed on the Pro.sSro.sMnOa samples 
at 1511 beamline, MaxLab, Lund, Sweden, using a Sci- 
enta i?4000 analyzer. Photoelectrons were collected with 
an angle-integrated mode, with an acceptance angle of ± 
19° around the normal to the sample surface. The photon 
energy 50 eV was used for the PES measurements. The 
binding energy was calibrated by using the Fermi-edge 
of the gold reference sample and the energy resolution 
is set at 20 meV for 50 eV photons. The base pressure 
of the chamber was ^ 1.0 x 10~^'^ mbar. Temperature 
of the sample was measured using a calibrated silicon 
diode sensor and was controlled using a local heater. To 
check reproducibility of temperature dependent data, we 
scraped the sample at room temperature and then mea- 
sured in a temperature cycle from 352 to 30 K and back 
to 352 K. Scraping was repeated until negligible intensity 
was found for the bump around 9.5 eV, which is a sig- 
nature of surface contamination or degradation-Sl. The 
spectra were also obtained on several fractured samples 
cut from the same ingot. It is important to stress that 
no significant changes are observed in the valence band 
region cleaned by in-situ scraping or fracture. The spec- 
tra were collected within 2 h of scraping or fracture and 
no changes in the spectra were observed due to surface 
degradation or contamination within this period. 



III. RESULTS AND DISCUSSION 

Fig. 1(a) shows the valence band photoemission spec- 
tra of the Pro.sSro.sMnOs sample obtained by using a 
photon energy of 50 eV across its PMM-FMM-AFMI 
transitions. The spectra exhibit four distinct features 
marked A (- 1.1 eV), B (~ 2.1 e V), C (^ 3.1 eV) 
and D (^ 5.4 eV). Earlier experimentJi^IIlHIIl and band 
structure calculationJlSl have shown that the feature A 
originates from the e^ states and B and C are from the 
strongly mixed Mn 3d t2g, O 2p, and Pr 4f states. Fea- 
ture D has a dominant O 2p character with a small Mn 
3d contribution. The spectra from the PMM and FMM 
phases show a clear Fermi edge. It is also clear from 
the figure that the width of the feature A (which cor- 
responds to the Bg states) decrease as we go down in 
temperature across the FMM-AFMI transition. Further, 
the intensity of the near E^ was found to decrease as 
the material goes through this transition [Fig. 1(b)]. This 
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FIG. 1: (Color online) (a) Valence band photoemission spec- 
tra of Pro.sSro.sMnOa obtained using 50 eV photon energy 
across the PMM-FMM-AFMI phase transition, (b) Expanded 
spectra showing the spectral changes in the vicinity of Ef. 



could be due to the localization of the e^ electrons in 
the CO-AFMI phase. Further, a small but finite inten- 
sity a.t Ep was observed in the insulating state of the 
sample. The electron mean free path has a minimum at 
about 40 — 50 eV electron kinetic energy. The spectra 
were also obtained using hv — 70 eV. We note that with 
hi/ = 50 eV (below the Mn 3p-3d threshold) the intensity 
at Fermi level is more than that of the spectra measured 
at 70 eV of photons. This confirm that the intensity at 
Ei^ in the electronic structure increases in the surface 
and decreases systematically in the bulk. Considering 
the difference in the electron mean free paths between 
the bulk and surface sensitive photoemission spectra, our 
results indicate that the surface Mn 3d states are some- 
what different from that of the bulk Mn 3d states in the 
Prg.sSro.sMnOs. Bulk pho toemi ssion studies exhibit a 
CO gap at low temperatur^lSlID whereas surface sensi- 
tive photoemission measurements indicate a finite pho- 
toemission intensity at Ej? in the CO phase. It is to be 
noted that in-situ scraping or fracture will remove one 
out-of-plane oxygen (Mn-O-Mn bond) in the MnOg oc- 
tahedra. This structural change in the surface can lead 
to an increase in the other out-of-plane Mn 3d-0 2p hy- 
bridization strength due to one short bond and a conse- 
quent increase in the one electron band width (W) . Thus 
it is justified to believe that a ferromagneic fluctuation 
of itinerant metallic nature of the Mn eg band in the sur- 
face competes with the local coulomb interaction. Con- 
sequently, the CO state in the surface is suppressed from 
that of the bulk and the coulomb interactions were found 
quite ineffective in the surface at low temperatures. This 
scenario is further supported by the observation of sig- 
nificant intensity at the Fermi level. The finite intensity 
at the Fermi level suggests the rotation and distortion of 
the MnOg octahedra in the insulating phase giving rise 
to the changes in the crystal structure which is reflected 
strongly on its surface. We propose that the structure 



3 





(a) Epi 


352R 




325K ~ 




295K 




260K 




240K 




200K 




TiOK 




150K 




130K 




106K 




75K 




48K 




30K 

1,1.1.1.1 . \^ 


1 0.8 


0.6 0.4 0.2 




Binding Energy (eV) 



1 0.8 0.6 0.4 0.2 
Binding Energy (eV) 



FIG. 2: (Color online) (a) High-resolution valence band pho- 
toemission spectra of the near Ef region obtained by using 
50 eV photons, (b) First derivative of the spectra shown the 
panel (a) to highlight the temperature dependent dip near 
Ef resulting the formation of a pseudogap. (The tempera- 
ture dependent dip near Ef corresponds to the energy scale 
of 80 meV marked by the solid line, measures the pseudogap.) 



of first two layers from the surface may be different due 
to reduced atomic coordinations, which is responsible for 
the observed finite intensity at Ej? at the low temperature 
CO phase. In this regard it is important to mention that 
the earlier studies on related manganites using UV-PES 
also reported a finite intensity at Ej? in the insulating 
statePl 

We have further analyzed the near E^^- spectral behav- 
ior across the PMM - FMM - AFMI transition. Panel (a) 
of Fig. 2 shows the high resolution near Fip photoemis- 
sion spectra from the Pro.sSro.sMnOa sample taken at a 
photon energy 50 eV. All the spectra at different tem- 
peratures are normalized at energies above 1.0 eV from 
Fip and then shifted along y-axis for clarity. The finer 
changes in the near E^^ region are depicted in panel (b) 
where the first-order derivative of the intensity is plotted 
against the binding energy. The FMM- AFMI transition, 
as expected, shows a smearing out of the Fermi edge. 
However, at temperatures below 352 K (PMM phase) 
a dip at the Ei;- starts to form gradually and becomes 
sharper through the FMM phase till the T^v- This dip 
in the derivative spectra is a signature of a temperature 
dependent pseudogap existing in the PMM and FMM 
phases. The pseudogap is formed due to the transfer of 
spectral weight from the Ej? to higher binding energy po- 
sitions with lowering of temperature. Our spectra show 
the energy scale over which a sharp dip in the FMM and 
the PMM phases occurs to be 80 meV. This 80 meV 
pseudogap-like feature is indicated by the solid line in the 
figure 2(b). Some indications of its temperature depen- 
dence are already obvious in the raw data and in the first 
derivative spectra. In order to confirm the pscudogap- 
like feature, we symmetrize the spectra and plot with a 
constant vertical shift as shown in Fig. 3(a). The nu- 



merical procedure removes any thermal broadening con- 
tribution arising from the Fermi function which are sym- 
metric about the zero of the binding energy scale and 
gives the change in the density of states within 5KbT 
ofEp. The analysis shows an interesting evolution with 
temperature, which leads us to identify a pseudogaplike 
structure a.t Fip of ~ 80 meV. In Fig. 3(b), we have 
plotted the symmetrized spectra corresponding to each 
temperature together with that from the T= 200 K for 
a comparison. This figure shows that there are drastic 
changes in the electronic structure within ^ 80 meV of 
Ei? and the pseudogaplike feature is more pronounced in 
the FMM and PMM phases. Thus the energy scale in- 
volved in the formation of pseudogap behavior (80 meV) 
is comparable to the value of 100 meV CO gap observed 
by Chainani et al.E'. Across the FMM- AFMI transition, 
a finite intensity at the Fermi level is observed as we go 
down in temperature which suggests that the electronic 
structure of first few layers from the surface is differ- 
ent from that of the bulk. Our high resolution spectra 
show the existence of pseudogap in the PMM and FMM 
phases which is important for the metal-insulator transi- 
tion and a gapless finite intensity at the Ej^ in the CO- 
AFMI phase. As mentioned earlier, the crystal structure 
of the Pro.sSro.sMnOa is tetragonal in both the PMM and 
FMM phases. Further, both these states have an A-type 
orbital ordering where the Mn dj.2_j,2 orbitals are ordered 
and strongly hybridized with the O 2p orbital^^Hl, Finally 
with decreasing temperature from the PMM phase to the 
FMM phase this orbital ordering seems to be strength- 
ened along with the magnetic ordering. This strengthen- 
ing of the hybridization between the in-plane Mn dx2-y2 
orbitals and the O 2p orbitals can make the MnOg octa- 
hedra elongated in the Z-axis. Such a distortion of the 
MnOg octahedra may shift the out-of-plane Mn 3dz2_j.2 
orbitals where the e^ electron is occupied, up in energy; 
like in the Q- modes of the Jahn Teller ( JT) polaron^ . The 
spectral weight behavior and the consequent pseudogap 
in the PMM and FMM phases, found here, indicate the 
role of a strong electron - phonon interaction and forma- 
tion of JT polarons. 



IV. CONCLUSION 

Our study of the temperature dependent magnetic 
phase transitions in Pro.sSro.sMnOa compounds conclu- 
sively shows a pseudogap behavior in their near Ep elec- 
tronic spectrum over a large region of their phase diagram 
and a finite photoemission intensity at E^? in the CO- 
AFMI state. The intensity at Ep in the insulating phase 
is ascribed to the lack of CO in the first few layers from 
the surface. The formation of pseudogaps were discussed 
considering the strong electron - phonon interaction, con- 
sequent charge localizations and possible formation of JT 
polarons. 
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FIG. 3: (Color online) (a) Symmetrized spectra shows a pseu- 
dogap at Ef- (b) All of the other symmetrized spectra plotted 
against the one from T= 200K data, depicting the tempera- 
ture dependent dip at Ef. 
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